In this paper a dual polarized aperture-coupled reflectarray unit cell is designed, fabricated, and tested. The element is based on patches aperture-coupled to delay lines. This unit cell has the capability of switching the beam direction in two orthogonal polarizations using a PIN diode or MEMS switch by changing the length of the transmission line coupled to the patch. The proposed structure is used in the design of an X-band reflectarray antenna in two states having angles off broadside of 0
Introduction
A microstrip reflectarray antenna is a low profile planar reflector that consists of microstrip arrays printed on a dielectric substrate; its surface is illuminated by a feed antenna. A reflectarray antenna can produce a focused or shaped beam by introducing the proper phase-shift on the reflected field by each cell of the array. Reflectarrays combine advantages of phased array antennas and parabolic reflector antennas and have low cost and ease of manufacturing compared to parabolic reflectors. Moreover, reflectarrays have the capability of implementing electronic devices to reconfigure the pattern. A phase shifting mechanism can be performed by varying the size of the resonating patches [1] or by a transmission line of proper length connected [2, 3] or aperture-coupled to the patches [4, 5] . The phase can be controlled by adding active elements to the antenna [6, 7] . Different methods can be used to add reconfigurability to reflectarray antennas, using microstrip elements with an integrated electronic control, like MEMs-based structures [8] , varactor loaded patches [9, 10] , PIN diodes [11] [12] [13] [14] [15] [16] [17] , or liquid crystal-based structures [18] . The antenna beam can be switched to different angles or differently shaped beams can be obtained using a PIN diode. The element of [11] consists of multilayer printed circuits with a C-patch coupled to a delay line through a ring slot where the element is integrated with a PIN diode to control the phase. The antenna architecture of [12] is based on a dual reflectarray system comprising a passive subreflectarray and an active main reflectarray made of reconfigurable 1-bit elementary cells based on PIN diodes. Using aperturecoupled patches gathered by pairs to a common delay line as in [13] decreases the number of PIN diodes required to control the beam. The method of [14] uses ring slot resonators and [15] uses tilted patches. Designing a dual polarized reflectarray unit cell was explained in [16] . * Correspondence: ghmoradi@aut.ac.ir This paper first describes designing a dual polarized aperture-coupled unit cell and the analysis results are shown. The fabrication and test procedures for the proposed cell are then explained and simulation results of the unit cell are compared with test results. Then the unit cell is used to design a sample antenna in two states, having angles off broadside of 0
• and 10 • .
Unit cell configuration
Aperture-coupled microstrip antennas have been used for single or dual linear polarization reflectarrays [4, 5, 16] . In this structure, each cell consists of a microstrip line coupled to the radiating patch on the opposite side of the substrate via an aperture in the ground plane, as shown in Figure 1a . The dual polarized unit cell [4, 16, [19] [20] [21] works in two orthogonal polarizations simultaneously, which can improve the capacity of the system. The unit cell of [20] is based on a dual feed aperture-coupled microstrip patch antenna and exhibits approximately 16% bandwidth. The unit cell of the antenna of this paper is shown in Figure 1b , which has a symmetric structure. The element is based on patches aperture-coupled to delay lines, which enables a wide range of phase delay, linear phase response, and low reflection losses. Using this unit cell in the design of large reflectarrays can improve the bandwidth of the antenna. Moreover, this unit cell has the capability of working in two orthogonal polarizations simultaneously and is compared with [4, 16, [19] [20] [21] in Table 1 . In this paper the unit cell is fabricated and tested while [4, 16, [19] [20] [21] have no test results for the unit cell. Moreover, the unit cell proposed in this paper for reflectarray antennas has the capability of switching the beam direction in two orthogonal polarizations using a PIN diode or MEMS switch by changing the length of the transmission line coupled to the patch. The RO4003 substrate is used for the line substrate and patch substrate with relative dielectric constant of 3.38 and height of 0.508 mm. The patch is separated from the ground plane and slot by a 2-mm foam with a relative dielectric constant of 1.1. Other parameters of the unit cell are given in Table 2 . 
Unit cell design and simulation
The element is designed by adjusting the dimensions of the patch, aperture, and matching stub so that good matching is achieved from the ports at the end of the microstrip lines. This simulation is performed with HFSS software by inserting two waveports at the end of the transmission lines, as shown in Figure 2a . This return loss is verified by the time domain solver of the CST simulation program, which uses a different analysis method compared to HFSS software. HFSS and CST are simulators based on different computational techniques. HFSS is based on the finite element method while CST is based on the finite integration technique. Thus, results of HFSS and CST in Figure 2b are not the same because of different computational techniques involved. However, test results of the cell show that the cell is designed correctly. Return loss of the designed unit cell is shown in Figure 2b and obtained dimensions for the first element are given in Table 2 . For vertical polarization, X offset measured from patch center to aperture center is -2.85 mm and Y offset is 2.1 mm. For horizontal polarization, X offset measured from patch center to aperture center is 2.1 mm and Y offset is -2.85 mm. Return losses seen from the delay line of the unit cell are better than -15 dB in the frequency band of 9-10.5 GHz. Good matching in the simulation shown in Figure 2a results in good phase response in the simulation shown in Figure 3 . As the designed unit cell has symmetry, horizontal and vertical polarization have the same response and the return losses are shown only for one polarization.
Once the radiating element is designed, the amplitude curves and phase of the reflected field are computed for different line lengths when a plane wave is impinging on the patch, as shown in Figure 3 . In the designed element, the variable length of the dipole increases from 2 mm to 23 mm. As the designed unit cell has symmetry, horizontal and vertical polarization have the same phase and amplitude response and the phase response is shown only for one polarization. Therefore, the designed unit cell is analyzed by full-wave simulation software (HFSS) using the method of moments and the infinite array approach. The simulation of the unit cell is performed by the insertion of a cell inside a waveguide simulator and obtaining the reflection in the excitation port, as shown in Figure 3 . This method gives a good result that can be used in the whole antenna design.
The phase variation versus microstrip line length change by varying the line length from 1 mm to 10 mm for the first cell is shown in Figure 4a , and the amplitude variation versus microstrip line length change is shown in Figure 4b .
The second element is designed so that two unit cells can be put in a WR90 waveguide to test the element in a waveguide simulator (WGS). Dimensions for the second element are given in Table 3 . This element is simulated by HFSS software using the infinite array approach and the phase response and amplitude response changing the line length is shown in Figure 5a and Figure 5b , respectively. The phase change of the unit cell is obtained by varying the length of the microstrip line, where phase response by varying the line length from 1 mm to 6 mm is shown in Figure 5 for the second cell. However, for obtaining phase response of the cell in the frequency band of 8.2 GHz to 12 GHz, microstrip line length is set to 1.96 mm and the phase response results are obtained in the next section.
Unit cell validation
As the designed unit cell has symmetry, horizontal and vertical polarizations have the same response and therefore the test procedure is performed only for one polarization. Verification of the unit cell is accomplished by comparing the simulation and test results of the unit cell in which a subarray formed by two elements is first designed considering the infinite array approach and analyzed by full-wave simulation using HFSS software to obtain the scattering parameters of the unit cell as described in previous section. Then two elements are fabricated as shown in Figure 6 and tested in a WR90 waveguide. The back view of the line layer of the implemented unit cell is shown in Figure 6a , and a top view of the line layer is shown in Figure 6b . The patch layer of the implemented unit cell is shown in Figure 6c . The phase response of the unit cell can be controlled by the length of the microstrip line coupled to the patch. To test the unit cell, measurement in the frequency band is performed, which is enough to verify the cell response. The testing procedure is shown in Figure 7a and 7b, which show putting the unit cell into a WR90 and measuring the S11 scattering parameter using a network analyzer. Hence, the verification of the unit cell response was done by measuring the amplitude and phase of the reflection coefficient of two elements within a WR90 waveguide, using the well-known WGS technique [22] . In Figure 8a and 8b simulation and test results of the fabricated switching unit cell are compared. Deviation of the test result in Figure 8b from the simulation is due to errors in modeling the cell, implementation errors, and test errors. Adding or removing the stub, as can be seen in the fabricated cell, to the microstrip line by a PIN diode or a MEMS switch can change the reflection phase between two states and can be used to change the beam direction.
To test the dual property of the cell, it should be rotated 90
• around its center and the test procedure explained in this paper should be repeated to obtain its phase and amplitude response, whereas with the symmetry of the cell, the response of the cell for both polarizations is the same.
Sample reflectarray design
The required phase for two beam directions is obtained. With the symmetry of the unit cell, only one polarization is designed and the orthogonal polarizations have the same results. Therefore, a sample reflectarray antenna is designed by the proposed unit cell for two beam directions. Dimensions of the antenna are assumed to be 16. 
Phase compensation
The first step in the design process is to find the required phase of each cell. So the compensating phase of each element to have a focused beam in the desired direction should be determined. Considering that the antenna contains N reflecting elements that are illuminated by a feed located at the focal point of the antenna, the excitation terms are proportional to the magnitude and phase of the electric field at the n th patch. The amplitude and phase of the reflected field is relative to the radiation field of the feed antenna. One factor that affects the reflected field at each patch is the distance between the feed phase center and the n th element phase center (R n ). Furthermore, the feed has a certain angular taper over the antenna surface, which can be included in the pattern analysis by multiplying the relative complex excitation term by a raised cosine factor [22] , that can be adjusted to match the pattern of the actual feed by choosing the proper q. q is the exponent of the feed pattern function represented by cos q θ and is determined from the taper factor at the edges of the reflectarray, which is about -10 dB for a focused beam [22] . The angular taper of the feed can be modeled as
Rn cos θ q n . Consequently, by multiplying the complex excitation term by the compensating phase and amplitude factor A n .e −jψn resulting from each element, the complex reflected field from each element can be expressed in the following form:
where ψ n is the compensation phase of the n th element. The required phase shift at each element to produce a collimated beam in a given direction is [22] :
where θ b , ϕ b shows the beam direction, k 0 is the free space propagation constant, and (x n ,y n ) is the coordinates of the n th element. Considering the curve of the phase change by element length change shown in Figure 4a and 5a, the length of each element can be determined. To have a wideband antenna the achieved phase should be optimized in the required frequency band. Thus, a cost function is used to reduce the error in the frequency band, which is:
where 
Gain calculation
Gain of the antenna can be computed using the input power of the feed horn P F , according to:
where η 0 is the intrinsic impedance of the free space and |E(θ, φ)| is the amplitude of the far electric field.
Hence, the far electric field should be calculated to obtain the gain of the antenna [22] . To achieve the far electric field, we start from the radiated electric field in the far field region of the feed antenna, which for y polarization is [22] :
Relative amplitude distribution caused by the feed antenna on the reflectarray surface is shown in Figure 10 . The Cartesian electric field of the feed can be expressed as:
Next, the Cartesian electric field of the feed is transformed from the feed coordinate system to the reflectarray reference system by a transformation matrix as described in [22] by:
The tangential electric field in the aperture is obtained as:
The radiated electric field from the surface of the reflectarray antenna can be obtained from the equivalent magnetic current, which is:
Using this equivalent magnetic current, vector potential F is obtained as described in [22] and far electric field radiated by the reflectarray antenna is expressed as:
where u = sin θ cos ϕ, v = sin θ sin ϕ andẼ R x andẼ R y are defined as:
By considering that the reflected electric field in each element of the antenna has uniform amplitude and phase, we can write the reflected electric field for each element as:
where A 
where S = 4 sin(0.5k 0 ud x ) sin(0.5k 0 vd y )/k 2 0 uv . As a result, the far electric field for x-polarized and y-polarized feed can be written respectively as:
where w x = (θ cos ϕ −φ sin ϕ cos θ), w y = (θ sin ϕ −φ cos ϕ cos θ), Γ x,x is the reflection coefficient of xpolarization when the unit cell is illuminated by the x-polarized wave, Γ x,y is the reflection coefficient of x-polarization when the unit cell is illuminated by the y-polarized wave, Γ y,y is the reflection coefficient of y-polarization when the unit cell is illuminated by the y-polarized wave, and Γ y,x is the reflection coefficient of y-polarization when the unit cell is illuminated by the x-polarized wave. The transformation from (θ, φ) to co-polar ( E p ) and cross-polar ( E q ) components for an x-polarized feed horn is given by:
and the transformation for a y-polarized feed horn is:
Consequently, the co-polar electric field in the far field region is calculated for x-polarized and y-polarized feed respectively by: 
Directivity of the antenna is obtained by the analysis method described in Section 5.2, which is shown in Figure  11 for case 1 when the antenna is designed to have a beam with angle off broadside of 0 • and in Figure 12 for case 2 when the antenna is designed to have a beam with angle off broadside of 10 • .
Conclusion
In this paper an aperture-coupled reflectarray unit cell having the capability of switching the beam direction using a PIN diode or MEMS switch in two orthogonal polarizations has been designed, simulated, and implemented. First, the unit cell was designed to work in the desired frequency band by adjusting the unit cell dimensions. Next, amplitude and phase response of the cell were simulated assuming an infinite array approach using the method of moments and Floquet ports. To test the response of the cell, a unit cell containing a subarray formed by two elements that can be put in a WR90 waveguide to test the element in a WGS was designed and its phase and amplitude response was obtained. Then the unit cell simulation was verified by test results. Finally, a sample reflectarray antenna was designed using the proposed element in two cases to have a beam with angles off broadside of 0 • and 10
• . 
